The long-term effects of spinal cord ischemia were studied in 21 rats by lesion scores (LS, n = 21), somatosensory evoked potentials (SEP, n = 16), electro myographic measurements (EMG, n = 12) and histology of the spinal cord (n = 21) 48.5 ± 57.2 days after 10-to 12-min occlusion of the thoracic aorta and subclavian ar teries. All the animals were initially paraplegic with a spastic presentation but seven recovered within 2 days (group A), demonstrating low LS (3.4 ± 1.05) normal EMGs (n = 3) and unremarkable histology. The 14 para plegic animals presented relevant findings of the lumbar cord consisting of white matter lesions only (group B, n = 7) or white and gray matter lesions (group C, n = 7).
Group B animals showed severe deficit (LS = 11.8 ± 2.93) without denervation on EMG (n = 5) or muscle atrophy on histology. Group C animals displayed equal impairment (LS = 14.4 ± 0.71), denervation on EMG (n = 4), and muscle atrophy. Resting motor unit activity of groups Band C were significantly different from group A (p < 0. 00 1), while LS of groups Band C did not differ (p = 0.083). These data underscore the nature and the ex tent of white matter lesions during spinal cord ischemia, a finding which has generally been eclipsed by emphasis on gray matter lesions in previous studies. Key Words: White matter-Spinal cord-Ischemia-Thoracic aorta-Para plegia.
imal models was devised in order to study the events leading to spinal cord ischemic injury. In recent years, the main focus of the research was directed to understand the factors involved in spinal cord ischemia and to develop new techniques to prevent or reduce the frequency of its occurrence, whereas less interest was devoted to define the clin icopathologic presentations of different degrees of injury.
The present study describes the severity and ex tent of involvement of the structural elements of the rat spinal cord following an ischemic injury of vari able duration, in relation to the degree of neurolog ical impairment and the abnormal physiology as sessed by spinal cord conduction time and electro myography of the hindlimbs.
MATERIALS AND METHODS
Male Sprague-Dawley rats, weighing 20�250 g were housed in polycarbonate cages with free access to food and water. Care of the animals was given according to the Principles of Laboratory Animal Care and the Guide for the Care and Use of Laboratory Animals (NIH Publica-tion No. 85-23, 1985) . On the day of surgery, the animals were weighed and then placed in a glass chamber with a continuous flow of 2% halothane in O2 until a deep level of anesthesia was reached. The animals were then re moved and intubated with a catheter 8 cm long and 2.5 mm o.d., using a neonatal laryngoscope with a 0 Miller blade modified to a width of 7-8 mm. The rats were ven tilated with an open circuit volume respirator (U go Basile rodent ventilator, Stoelting Instrument Company, Wood Dale, IL, U.S.A.) at 80 cycles/min with halothane 1.3 to 1.5% in 02' Body temperature was modified by a rectal probe and maintained at 37 ± OSC with a thermal pad. The experimental model of spinal cord ischemia de scribed by LeMay et al. (1987; 1988) was used. A longi tudinal incision was made through the skin in the sternal region. The chest wall was incised from the apex of the manubrium caudad along the left sternal border to the third rib. The thymus was excised, and three catheters (PE 10) were placed around the aorta and the origins of the right and left subclavian arteries. The free ends were passed through a 4-cm segment tubing (PE 160) to create a snare. Under direct vision, the snares were pulled closed and secured with a clamp. The vascular occlusion was maintained for randomly selected periods of 10 to 15 min. Positive end expiratory pressure (10 cm of water) was instituted during the occlusion period. The chest was closed, and at the end of the occlusion period the snares were released and withdrawn. The rats were extubated as soon as they resumed spontaneous breathing. This pro cedure was performed in 26 animals, while a group of six underwent median sternotomy and passage of snares around the vessels without occlusion (sham-operated an imals). All the rats with an occlusion period longer than 12 min died during the first 48 h (n = 5). Twenty-seven animals survived for 7 weeks. The animals were moni tored twice daily and, if present, urinary retention was treated by periodic forced evacuation by digital compres sion of the bladder. At the end of this period, a complete evaluation was carried out, consisting in neurological as sessment (n = 27), electromyographic examination (EMG) (n = 12) and sensory evoked potential (SEP) re cording (n = 16). All the animals were then killed and the spinal cord processed for histologic examination (n = 27). While not all animals underwent SEP and EMG re cording because of logistic considerations, care was taken to collect enough data to obtain statistical significance.
Neurologic assessment
Neurological function was assessed according to the criteria established by LeMay et al. (1987; 1988) . This numerical scoring was devised primarily to evaluate hind limb function, and includes four indices of motor function and one of sensation. Fifteen levels of deficit can be de fined, with a score of zero indicating normality and a score of 15 indicating maximal impairment (Table 1) .
Electromyographic examination
The rats were positioned in a restraining device that entraps the animals but leaves the extremities free to move (Bollman cage). Examination was conducted in a quiet room. An Ag-AgCl electrode was applied to the skin of the tail and used as a ground. A second Ag-AgCl surface electrode was applied over the hindpaw and used as an indifferent electrode. A monopolar, Teflon-insulated needle electrode (The Electrode Store, Yucca Valley, CA, U.S.A.) was inserted sequentially in the following b A square wire screen, 30 cm x 30 cm in size, with 1/.-inch holes; the rat is placed on horizontal screen, (0°) then the screen is rotated down the vertical position (270°) to the inverted posi tion (180°). A normal rat grasps the screen with LE for >5 s when rotated to 180°. c Wooden bar is 50 cm long and 2. 5 cm wide; a normal rat grasps the wooden bar with LE for> 10 s.
[Reprinted with permission from the Journal of Vascular Sur gery (LeMay DR et aI., 1987)]. muscles of the hind limb: gluteus maximus, biceps femo ris, tibialis anterior, and gastrocnemius. In order to test for signs of muscle denervation, spastic or flaccid char acter, and degree of completeness of lesions, three types of activity were quantitated: (a) the presence of positive sharp waves and/or fibrillation potentials in the EMG re cording, an indication of muscle denervation; (b) sponta neous motor unit potential activity recorded in the ab sence of stimulation (resting motor unit activity); or (c) in response to sensory stimulation (induced motor unit ac tivity). The examination was not more distressful than an EMG test in humans.
(a) Spontaneous muscle activity. The presence of pos itive sharp waves and fibrillation potentials was assessed and graded from 0 to 4; 0 = absent; 1 = rare; 2 = easy to find during insertion and persistent; 3 = moderate amount, found easily; 4 = many fibrillation potentials and positive sharp waves.
(b) Resting motor unit activity. The presence of spon taneous motor unit action potentials was recorded as fol lows: 0 = no activity; 1 = minimal (25% of screen); 2 = moderate (50% of screen); 3 = marked (75% of screen); and 4 = full (100% of screen). Activity for each muscle was recorded before and after skin stroking.
(c) Induced motor unit activity. EMG activity was re corded as described above in hindlimbs and forelimbs. Two types of stimuli were used: a sudden noise (hand clap), and tactile stimulation (single pinch) of hind and forepaws. Presence of EMG activity in hind and forelimb muscles was recorded.
Sensory evoked potentials measurement
The animals were placed under halothane anesthesia and the head was restrained with a nose clamp. A crani otomy was performed, and the sensory projection areas of the forepaw and hind paw were identified. Silver ball electrodes were placed in these areas. Stimulation of the forepaw and hindpaw was accomplished with platinum needle electrodes connected to a Grass S48 stimulator through an S 14 isolation unit. Stimulus current was ad justed to a level supramaximal for elicitation of the cor responding evoked potentials. Stimulus duration was 0. 1 ms and frequency 0.5 Hz. Cortical electrical activity was recorded with a silver ball electrode and a Ag-AgCI in different electrode placed in the subcutaneous tissue of the neck. Signals were amplified with an IS04 (World Precision Instruments, Sarasota, FL, U.S.A.) amplifier with a low cutoff frequency of 0. 1 Hz and a high fre quency of 15 kHz. The output of this unit was digitized at 5 kHz (Lab Master digitizing board and Axotape soft ware, Axon Instruments Inc., Burlingame, CA, U.S.A.). Evoked potentials were averaged and analyzed with Datapac Software (Run Technologies Inc., Laguna Niguel, CA, U.S.A.). Spinal cord conduction time (SCCT) was calculated from the difference in latency be tween the first positive peak of the SEP elicited from hindpaw and forepaw stimulation.
Histological examination of the spinal cord
The animals were euthanized with an overdose of halo thane and perfused with a modified Karnovsky's fixative. Standard cross sections of cervical, thoracic, and lumbar cord were taken, as were both cross and longitudinal sec tions of anterior tibialis and gastrocnemius muscles. The tissues were routinely processed and embedded in paraf fin and cut at 5 fLm. Spinal cord sections were stained with hematoxylin and eosin (HE), luxol fast blue (LFB) with a periodic acid-Schiff (PAS) counterstain, or with an immunoperoxidase stain for glial fibrillary acid protein (GFAP) using a polyclonal antibody (Sigma Chemical Company, St. Louis, MO, U.S.A.) and standard avidin biotin procedures. Muscle sections were stained with HE and a trichrome stain. The pathologist was unaware of the neurological, electromyographic, and SEP findings when examining the slides.
Statistical analysis
Data are shown as mean ± SD. Analysis of variance was used for multiple comparisons. When a significant F value was obtained, comparisons between means were conducted using Tukey's protected t test. Differences were considered statistically significant when the p values was less than 0.05. Regression analysis was performed with the least squares method.
RESULTS

Relationship between neurological function, EMG activity and histology
Neurologic behavior, EMG activity, and histo logic findings in a group of 21 animals subjected to cross-clamping of aorta and subclavian arteries of 10012-min duration are summarized in Table 2 . Three groups can be defined on the basis of loco motor behavior and degree of histological lesions: (a) unimpaired locomotion with no histological le sion; (b) impaired locomotion with only white mat ter lesions; and (c) impaired locomotion with both gray and white matter lesions. All animals in groups Band C showed enhanced muscle tonus at rest in the lower extremities, with hyperextended position of the hindlimbs and considerable resistance to flex ion. Function of the upper extremities was normal and allowed them to move around the cage and han dle food. No bladder or bowel dysfunction was ob served. Paraparetic/paraplegic rats which under went EMG analysis (group B, n = 5; group C, n = 4) showed a high degree of EMG interferential ac tivity at rest and recruitment that was enhanced by nociceptive stimulation of the hindlimbs and fore limbs or by auditory stimulation. Statistical analysis showed the resting motor unit activity of group C animals and the lesion scores of groups B and C animals to be significantly different from group A animals (p < 0. 001) (Table 2) , while lesion scores of groups B and C did not differ (p = 0.083). Mean cross-clamp time for animals in group A was 10. 64 ± 0. 35 min, for group B 10.96 ± 0. 47 min, and group C 10.64 ± 0.87 min; analysis of variance be tween groups did not reveal significant differences (p = 0. 58).
Sensory evoked potentials
Sixteen animals underwent SEP measurement. SEP obtained by stimulation of the forepaw did not show differences between paraparetic/paraplegic animals and animals that were not paraplegic. On the contrary, somatosensory potentials evoked by The SCCT measured from the differ ence in latency between cortical somatosensory po tentials evoked by stimulation of the hindpaw and forepaw was markedly prolonged in all paraparetic/ paraplegic rats and slightly increased in few non paraplegic rats when compared with sham-operated animals. A correlation analysis between SCCT and lesion score was significant (Fig. 2) .
Histology
Cervical, thoracic, and lumbar spinal cord sec tions from sham-operated animals demonstrated normal anatomy, with the usual distribution of mo tor neuron cells and myelinated fibers. Muscle sec tions were also normal in appearance (Fig. 3) . Two among the seven rats (group A) who did not develop paraplegia after aortic occlusion had minimal find ings consisting of a unilateral area of gliosis and small decrease in anterior horn cells in the lumbar cord of the first one and mild decrease in myelin with presence of PAS-positive cells in the second one. Fourteen animals became paraplegic after aor tic occlusion and could be divided into two groups: those that had predominantly white matter lesions (group B) and those that had both white and gray matter involvement (group C). All the lesions were observed in the lumbar cord, and the cervical and thoracic sections were unremarkable. Those rats that had predominantly white matter lesions dis played decreased myelin staining with LFB , mainly in the anterior and lateral columns, as well as my elin vacuolation. PAS-positive macrophages were seen throughout the damaged white matter. Reac tive gliosis was manifested as increased numbers of GF AP-positive fibers and cell bodies and occurred mostly in the white matter but also in the gray mat ter to a lesser extent (Fig. 4) . Muscle sections from these animals showed mostly mild changes consist ing of occasional scattered atrophic fibers; a single
Control
Spinal Cord Ischemia L-...J 10 ms animal showed moderate foci of atrophy in the gas trocnemius muscle. In the second group of rats (group C), both gray and white matter lesions were seen. The white matter lesions were similar to the ones described above, with myelin vacuolation, myelin loss, accumulation of PAS-positive macro phages, and gliosis predominantly in the anterior and lateral columns. In addition, in the gray matter there was moderate to severe loss of motoneurons (Fig. 5) . In one animal studied at 9 days, active neuronal degeneration in the form of neuronophagia was seen. There was accompanying gliosis and ac cumulation of PAS-positive macrophages. The damage affected predominantly the central portion of the anterior horn, but also sometimes extended posteriorly to involve a portion of the posterior horn. Occasionally pigmented macrophages and foci of calcification were seen. The damage was re stricted to the lumbar levels of the cord. The ani mals in this group demonstrated severe muscle at rophy, which seemed to be more marked in the gas trocnemius than in the anterior tibialis. Affected fibers were angular or rounded, with decreased amounts of cytoplasm and relatively closely packed peripheral nuclei. There were occasional actively degenerating fibers, which were enlarged, rounded, and brightly eosinophilic. Many of these fibers were being digested by phagocytes. No other inflamma tory cells were encountered. Collagen was in creased. These changes are consistent with a pic ture of neurogenic atrophy. Indeed, some small intrafascicular nerve fibers appeared to have decreased numbers of axons and increased numbers of Schwann cell nuclei. Some muscle fibers had central nuclei, and occasional fibers were baso philic, suggesting a small amount of regeneration was occurring. However, compensatory hypertro phy was minimal. In some animals, the atrophy ap peared to be predominantly at the periphery of the fascicle, whereas in other animals it was more dif fuse. In others, the entire muscle mass was in volved.
DISCUSSION
It is a well-known fact that hindlimb paralysis following aortic cross-clamping in the experimental animal can occur with a flaccid or spastic presenta tion. In the development of ischemic injury, it is also commonly believed that there is a selective vul nerability of the grey matter over the white matter of the lower thoracic and lumbosacral cord. Hagg qvist (1938) observed, in a rabbit model, spastic and flaccid paralysis after aortic compression. His find- ings were confirmed in the same species by Rexed (1940) and Krogh (1950) . During the same years, Tureen (1936) subjected cats to 15 min of thoracic aortic occlusion; all the animals recovered within 24 h from the initial paralysis, but some degree of spas ticity remained during the entire period of observa tion. In a detailed description he wrote that "clonus and clonic convulsive movements made their appearance .... The tendon reflexes become exaggerated .... The legs remained stiff and the gait unsteady for variable periods, sometimes for days .... The tendon reflexes remained hyperac tive and the muscles spastic in the majority of the animals up to eleven weeks. " Histologic findings were observed in the gray matter (chromatolysis, nuclear changes, some instances of neuronophagia and intense interstitial reaction) within a week's time, but were minimal if the animals were studied at later times. There was no mention of a possible white matter involvement, however. Gelfan and Tarlov (1959) repeated the experiment in dogs with variable periods of occlusion (40 to 50 min) and ob served four neurologic presentations, depending upon the duration of occlusion: normality, tempo rary weakness, spastic paraplegia, or flaccid para plegia. They were intrigued by the finding of sur viving motoneurons in spastic dogs, whereas com plete neuronal destruction was seen in cases of flaccid paralysis. This observation had in fact been reported by all previous investigators. Krogh (1950) wrote, "everywhere spasticity was found in my ma terial (electromyographically confirmed in the ma jority of the animals); there was a sufficient number of preserved large motor cells in the anterior horns to explain the spasticity. " In an attempt to correlate the histology with the clinical presentation, Gelfan and Tarlov (1959) postulated that the interneurons were the elements most sensitive to ischemia and their death was responsible for the loss of normal regulation of motoneuron activity. These motoneu rons, having lost their inhibitory input, displayed an increased excitability to the point of discharging spontaneously and producing an enduring spastic ity. Again, no mention was made of the degree of involvement of the white matter. In more recent systematic analysis of histology of the spinal cord after ischemic injury , rabbits were subjected to infrarenal aortic occlusion for periods of 10 to 60 min and were studied 1 week to 1 month later. Despite the fact that spastic para plegia was commonly noted by previous investiga tors, Zivin et al. (1982) did not mention it among the clinical syndromes. Histologic lesions were local ized predominantly in the gray matter of the lumbar cord with sparing of the long white matter tracts.
Our study identified three groups of animals with different clinicopathologic presentations. One group of rats had essentially normal locomotion, normal or slightly prolonged SCCT, and absent or minimal lesions on histologic examination. A sec-ond group was paraplegic with spastic features and displayed only white matter lesions on histologic examination. SCCT was prolonged, and EMG did not show denervation but, instead, increased and abnormal recruitment (consistent with spasticity). The last group of animals with spastic paraplegia presented a combination of white and gray matter lesions on histologic examination, increased SCCT, denervation potentials on EMG, and severe muscu lar atrophy. These last two groups would be de scribed as having, in the classic neurological termi nology, "upper motor neuron " and "mixed upper and lower motor neuron " lesions, respectively.
Although it is difficult to extrapolate from the present data to other species, the possibility of se lective vulnerability of the white matter, not previ ously recognized, would provide a suitable expla nation for the phenomenon of spasticity. In this re gard, recent in vitro studies on rat optic nerve preparations have established the susceptibility of the white matter to anoxic injury (Stys et aI., 1990; Waxman et aI., 1990; 1991; 1992) .
In our study, animals were cross-clamped for pe riods between 10 and 12 min, and the mean cross clamp time did not differ among the three groups. Within these occlusion periods, animals showed ei ther normal walking or spastic paraplegia. Such a wide variability over a short period of time confirms that ischemic spinal cord injury is a multifactorial phenomenon and the occlusion time is only one of the variables determining outcome. Somatosensory potentials evoked by stimulation of the hindpaw showed increase in latency and decrease in ampli tude with the phenomenon of temporal dispersion. SCCT was significantly increased in all paraplegic rats and slightly in the nonparaplegic ones. Since the test provides a functional assessment of the dor sal column, we were surprised by the absence of white matter lesions in the posterior tracts. It is likely that the damage occurs at the cellular level and escapes detection by light microscopy. Elec tron-microscopic studies are currently under way to answer this question. When we combined the SCCT and the lesion scores of all animals (paraplegic and nonparaplegic), a highly significant positive corre lation was found (p < 0.01) (Fig. 2) . This confirms the validity of the scoring system as an objective test to evaluate neurological deficits.
In conclusion, we postulate that transient spinal cord ischemia can produce in the rat model four clinicopathological syndromes depending upon the severity of injury: (a) Animals which are initially paraplegic with spastic features but then recover completely and reveal minimal or no lesions on his tologic examination, have either normal or mini-mally elevated SCCT, low LS, and normal EMG. (b) Animals which remain paraplegic with spastic features at 7 weeks, have only white matter lesions, markedly increased SCCT, high LS, but no dener vation potentials on EMG and no muscle atrophy (upper motor neuron lesion). (c) Animals which re main paraplegic with spastic features at 7 weeks, have white and gray matter lesions with reduction in the number of motoneurons in the anterior horns, increased SCCT, high LS, evidence of denervation on EMG, and of atrophy in the flexors and extensor muscles (the former more than the latter). Although evidence of lower motoneuron lesion is clear in this group, spasticity still dominates the clinical picture because of the few surviving motoneurons (mixed upper and lower motoneuron lesion). (d) Animals which develop flaccid paraplegia, have white and gray matter lesions with total loss of motoneurons, increased SCCT, high LS, denervation on EMG and atrophic muscles (lower motoneuron lesion).
We were not able to prove the existence of this last group because of the survival difficulties men tioned above.
We believe this particular model of spinal cord ischemia in the rat is useful, not only to unravel the clinical presentation and the physiologic and histo logic correlates of ischemic injury following aortic surgery, but also as a potential model in the wider area of cerebrovascular research, for the analysis of changes induced in the white matter by ischemia.
